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ABSTRACT
Prolylcarboxypeptidase isoform1 (PRCP1, also known as angiotensinase C, PCP, PRCP, PrCP)
is a widely distributed serine protease found throughout the human body. PRCP1 removes the Cterminal amino acid which is next to a proline residue of a peptide. Through this activity, PRCP1
is postulated to play distinct biological roles including the regulation of vascular homeostasis, the
induction of inflammation and the adjustment of metabolism. Compelling evidence indicates that
human PRCP1 activates plasma prekallikrein (PK) to kallikrein on endothelial cells. However,
the mechanism of this activation is yet unknown. The formation of kallikrein leads to the
generation of proinflammatory factors and the activation of the blood coagulation intrinsic
pathway, both of which are deeply involved in human diseases such as angioedema,
disseminated intravascular coagulation, acute respiratory distress syndrome and sepsis.
Therefore, the identification of PRCP/PK binding sites, and PRCP cleavage sites on PK, may be
of clinical significance which would aid drug design. To address this issue, a combination of
peptide mapping and site-directed mutagenesis approaches were employed to investigate the
regulation of PK by PRCP1. The synthetic peptide corresponding to the last 10 amino acids of
PK C-terminus inhibited PRCP1 activity. Three recombinant PKs (rPK), which are only distinct
from each other at the extreme C-terminus, exhibited elevated susceptibility to PRCP1-induced
activation. Our results demonstrate that the PK C-terminus participates in PRCP1-induced
activation of PK. However, due to the fact that PRCP1 can still activate the rPKs which have
modified C-termini, the C-terminus of PK may not be a major cleavage site for PRCP1. Using
synthetic peptides corresponding to the N-terminus or the catalytic region of PRCP1, two sites
ii
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were identified to be involved in binding of PRCP1 to PK, one of which lies in the N-terminus of
PRCP1, whereas the other one locates adjacent to the opening of the active site. In summary, our
results indicate that the C-terminus of PK is involved in, but not necessary for PRCP1-induced
PK activation. The interaction between PK and PRCP1 occurs at multiple sites on PRCP1,
including both the N-terminal region and a portion adjacent to the catalytic domain.
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LIST OF ABBREVIATIONS

α-MSH1–13

α-Melanocyte stimulating hormone

ACE2

Angiotensin converting enzyme 2

Ang

Angiotensin

aPTT

Activated partial thromboplastin time

AT2R

Angiotensin 2 receptor

B1R

Bradykinin B1 receptor

B2R

Bradykinin B2 receptor

BAL

Bronchoalveolar lavage

BK

Bradykinin
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Enhanced Chemiluminescent
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Blood coagulation factor XI
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FXII

Blood coagulation factor XII

FXIIa

Activated FXII

gC1qR

Complement C1q receptor

HAE

Hereditary angioedema

HPEPS

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

HK

High molecular weight kininogen

HPAEC

Human pulmonary artery endothelial cells

Hsp90

Heat shock protein 90
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Human umbilical vascular endothelial cells
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Kallikrein-kinin system
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Prekallikrein knockout mice
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Lipopolysaccharide
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Proopiomelanocortin

PRCP1
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PRCP gene trap mice
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SDD31

The PK binding site on domain 6 of HK
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Single chain urokinase plasminogen activator.

TMB
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A PRCP inhibitor
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I.

INTRODUCTION

Prolylcarboxypeptidase (PRCP) is a serine peptidase that belongs to the S28 protease
family. The human PRCP gene has been mapped to 11q14. It encompasses 9 exons. The 5’ end
of the first exon encodes the signal peptide and the propeptide region, and exons 4-9 encode the
catalytic portion of the molecule (Watson et al., 1997). A latter study identified two splice
variants of PRCP, PRCP1 (Gene Bank NP_005131) and PRCP2 (NP_955450). Compared to
PRCP1, PRCP2 has a longer transcript and a deduced mRNA sequence corresponding to exon 1.
To date, there is no evidence suggesting whether PRCP2 mRNA encodes a functional protein.
PRCP is highly expressed in endothelial cells, and other tissues throughout the body
including liver, kidney, pancreas, heart, brain, adipose, hypothalamus and gut (Skidgel and
Erdos, 1998; Kumamoto et al., 1981). There are extracellular forms of the enzyme presenting in
plasma and urine as well (Miller et al., 1991).
Investigations of the functional activity of PRCP date back to the work of Kunmamoto et
al. in 1981, who detected PRCP activity in the lysosomal fractions of both human and rat lung
homogenate using a radiolabeled synthetic substrate. The Kunmamoto group also reported that
PRCP was activated on diverse cells including lung fibroblast cells, macrophages, lymphocytes,
as well as endothelial cells (Kunmamoto et al., 1981). To date, a substantial amount of evidence
indicates that PRCP is active in both lysosomes and the membrane of many cells. The wide
distribution of PRCP suggests important roles of this enzyme in the maintenance of normal body
functions.
1

A. The Structure of PRCP
The crystal structure of PRCP has been reported recently (Soisson et al., 2010). It is
revealed that the overall architecture of PRCP consists of two main structural entities: a
prototypical α/β hydrolase domain and a novel SKS domain (Figure 1, Panel A). The SKS
domain is a helical bundle that consists of five helices (residues 194-334), which caps the active
site. The α/β hydrolase domain is constructed from two non-contiguous stretches of PRCP
(residues 46-204 and 405-491). The catalytic Asp430-His455-Ser179 triad is a classical arrangement
seen in other serine α/β hydrolases. The spatial arrangement of these three amino acids enables
them to form hydrogen bonds with each other and with the substrate and cooperate in covalent
catalysis by the Ser179. In terms of the oxyanion hole that is generally observed in the substrate
catalytic procedure of serine proteases (Lizbeth Hedstrom, 2002), the backbone amide nitrogen
atoms of Tyr180 and Gly181 were postulated to be responsible for forming the positively charged
pocket that would activate the carbonyl of the scissile bond and stabilize the oxyanion
intermediate during the catalytic reaction. An unexpected feature of the active site of PRCP is an
apparent charge-relay system that links the active histidine (His455) with His456 and Arg460
(Figure 1, Panel B). Since PRCP hydrolyzes its substrates fastest at pH 5 or 5.5, the authors
suggested that it is possible that the presence of the formally charged Arg460 in close contact with
the tandem histidines could alter the pKa of His455, contributing to the acidic pH optimum for
PRCP (Soisson et al., 2010). However, more investigations are needed to explain the function of
this unique system.
PRCP cleaves a hydrophobic C-terminal amino acid adjacent to proline (Tan, et al.,
1993). Proline is an imino rather than an amino acid, and therefore, most peptidases are not able
to hydrolyze the peptide bond at proline residues. Consequently, a large number of hormones and
2

neuropeptides contains one or more proline residues to make them resistant to normal enzymatic
degradations, and only several proline-specific enzymes (the prolyl peptidases), including PRCP,
are able to process the maturation/degradation of these peptides. For this reason, prolyl
peptidases play crucial roles in the regulation of signaling by peptide hormones and
neurotransmitters, and represent potential targets for drug development. Among all the members
of the prolyl peptidase family, PRCP is unique because it is the only carboxypeptidase, while the
others are either aminopeptidases, such as dipeptidyl peptidase (DPP)-4 and DPP-7; or
endopeptidases, such as prolyl oligopeptidase, and oligopeptidase B (L.Polgar. 2002; Jonathan
Rosenblum, et al., 2003). The endogenous substrates of PRCP that have been found so far
include angiotensin II (AngII), angiotensin III (Ang III), prekallikrein (PK), des-arg9-bradykinin,
and -melanocyte stimulating hormone 1-13 (-MSH1-13). These various substrates of PRCP are
indicative of the regulatory roles of this enzyme in different physiological systems, i.e., the
renin-angiotensin system (RAS), the kallikrein-kinin system (KKS) and the proopiomelanocortin
(POMC) system. Recently, PRCP was also suggested to play a role as a digestive enzyme. In the
yellow mealworm, Tenebrio molitor (Coleoptera: Tenebrionidae), PRCP expresses in the
anterior midgut of the larvae, and was postulated to participate in the processing of gliadins,
which is the insect’s major dietary proteins (Goptar et al., 2013).

B. The role of PRCP in RAS
The involvement of PRCP in RAS was revealed over two decades. PRCP was originally
named “Angiotensinase C” in 1978, when Odya and others purified this enzyme from human
kidney and observed that it was able to cleave both Ang II and Ang III, leading to the production
of Ang 1-7 and Ang 2-7, respectively (Odya et al. 1987).
3

Figure 1: The structure of PRCP. Panel A. Ribbon diagram of tertiary structure of PRCP.
The Asp-His-Ser catalytic triad is shown in red. Glycans are shown in green. The α/β hydrolase
fold is shown in blue and cyan, the SKS domain in magenta, and the M and N helices of the
hydrolase insert domain in yellow. Panel B. The active site of PRCP. The Asp-His-Ser catalytic
triad is shown in salmon.
[Reprinted with copyright permission from Soisson et al. (2010)].

Recently, a study done on angiotensin converting enzyme 2 (ACE2) knockout mice
confirmed that PRCP is responsible for the synthesis of Ang 1-7 from Ang II at pH<6 in the
kidneys in the absence of ACE2 (Grobe et al., 2013).Since several clinical studies demonstrated
that patients with diabetes and metabolic syndromes were associated with lower urine pH
comparing to the normal level, this acidic environment in the kidney pointed to a predominant
role of PRCP in Ang II degradation in these patients (Maalouf et al., 2010; Abate et al., 2004;
Maalouf et al., 2007). Because of its participation in the RAS, which is a crucial system in
regulating blood volume and systemic vascular resistance, PRCP was postulated to be a
4

modulator of blood pressure control. In fact, a polymorphism E112D in the PRCP gene, coupled
with chronic hypertension, was shown to be associated with a significantly increased risk of
preeclampsia in both black and non-black women (Wang et al. 2006). In addition, Rutaecarpine,
which is an extract from a well-known Chinese herbal drug Wu-Zhu-Yu, was reported to
alleviate the increased blood pressure in hypertensive rats, through the induction of PRCP
expression (Qin et al., 2009). Also, PRCPgt/gt C57 mice are hypertensive compared to the wild
type (Adams et al. 2011). These studies suggest a causative relationship between PRCP and signs
of hypertension. Since over-secretion of aldosterone by Ang III is viewed as a trigger for arterial
hypertension, the inactivation of Ang III by PRCP indicates a protective role of PRCP in the
development of hypertension.

C. The role of PRCP in KKS
The KKS consists of two zymogens, factor XII (FXII) and PK, and one
substrate/cofactor, high molecular weight kininogen (HK) (Colman and Schmaier, 1997). In the
presence of an artificial, negatively charged surface, such as kaolin, celite and glass surfaces
usually found in coagulation assays, or under certain pathological conditions such as the
developing of a thrombus, or sepsis, FXII gets autoactivated (Cochrane et al.1982). The
formation of activated FXII (FXIIa) leads to PK activation, which reciprocally activates more
FXII, thereby amplifying the reaction (Mandle et al. 1977). PK is a single chain -globulin
zymogen. It has four tandem repeats of about 90 amino acids in the N-terminal region and a Cterminal catalytic domain. The 90 amino-acid repeated domain contains 6 conserved cysteines
and forms the so-called apple domains. FXIIa acts on the Arg371-Ile372 bond in PK, leading to the
activation of PK to kallikrein (Figure 2). The mechanism of how the cleavage of FXIIa leads to
5

the activation of the zymogen still remains unclear. It has been proposed that following the FXIIa
cleavage, there is a conformational shift of 17 Å of the Ile372 residue, which leads to the
formation of the active pocket of kallikrein (Hooley et al. 2007). FXIIa also activates FXI, thus
initiating proteolytic reactions in the intrinsic pathway of blood coagulation, leading to the
production of thrombin, fibrin and clot formation (Macfarlane R.G. 1964). However, it was
reported that when assembled on cells, the PK is rapidly converted to plasma kallikrein (Motta et
al. 1998; Zhao et al. 2001). This is a FXII-independent activation of PK on endothelial cells,
because neither FXII neutralizing antibody nor FXII-deficient plasma could block the conversion
of PK to kallikrein (Motta et al. 1998; Motta et al. 2001). This existence of an alternative path for
the activation of the KKS was observed on human umbilical vascular endothelial cells
(HUVEC), human microvascular endothelial cells, aortic smooth muscle cells, bovine pulmonary
aortic endothelial cells and umbilical artery smooth muscle cells (Zhao et al. 2001). In 2002, the
PK activator on endothelial cells was revealed to be PRCP (Shariat-Madar et al. 2002). It is well
known that HK serves as a major binding site for PK to bind to endothelial cell surfaces (Motta
G, et al., 1998; Mahdi F, et al., 2001). Membrane-binding proteins of HK include gC1qR,
urokinase plasminogen activator receptor (u-PAR), and cytokeratin 1 (CK1) (Herwald et al 1996;
Joseph et al.1996; Colman et al. 1997; Hasan et al. 1998). PRCP was demonstrated to be
colocalized with all these HK receptors. Therefore, when HK-PK complex assembled on the cell
surface, PK was activated to kallikrein by membrane PRCP. Anti-PRCP antibody blocked this
PK activation on HUVEC in a dose- dependent manner, whereas neutralizing antibody to FXII
was ineffective in the inhibition of this reaction (Shariat-Madar et al. 2004). Once activated,
kallikrein cleaves HK to release the potent proinflammatory peptide, bradykinin (BK). BK then
exerts its effects via the activation of bradykinin B2 receptor (B2R). The binding of BK to B2R
6

leads to an increase in intracellular Ca2+ level and subsequent production of nitric oxide (NO)
and prostacyclin (PGI2) (Zhao et al. 2001; Palmer et al. 1987; Hong S.L., 1980) (Figure 3). This
eventually leads to vasodilation, increased vascular permeability, and pain. BK is also
demonstrated to be an important stimulant for tissue-type plasminogen activator (tPA), which is
a potent profibrinolytic agent (Brown et al. 2000). Thus the formation of BK would also
contribute to the promotion of clot dissolution. One of the most important endogenous inhibitors
of kallikrein is C1-inhibitor (C1-INH). Studies revealed that C1-INH knockout mice have
constitutive tissue edema due to increased BK production (Han et al. 2002). It is likely that
PRCP is consistently activating PK. BK is rapidly metabolized by carboxypeptidase M (on cell
membrane) and carboxypeptidase N (in the plasma), producing biologically active peptides
including des-Arg9-BK (Marceau et al. 1981). des-Arg9-BK is a specific stimulant of the other
type of the kinin receptors, bradykinin type 1 receptor (B1R). des-Arg9-BK interacts with B1R to
potentiate and/or perpetuate inflammatory response. Whereas B2R is constitutively expressed in
most tissues, including the heart, lung and kidney tissues (Tomita H et al., 2013; Moreau M et
al., 2005), and is thought to mediate most of the physiological actions of kinins, the B1R is
generally not expressed in significant level in normal tissues, but undergoes marked upregulation after inflammatory stimuli (Marceau et al. 1998; Tschope et al., 2000). The in vitro
study done in our lab demonstrated that des-Arg9-BK is a substrate of PRCP, but not BK (Odya
et al., 1978; Chajkowski. et al. 2011). These data indicate that PRCP might play an important
role in the mediation of physiological homeostasis, by preventing the amplification of
inflammation by des-Arg9-BK. On the other hand, PRCP has both proinflammatory and antiinflammatory effects, suggesting that further investigations are required to verify the existence of
such association. Besides the regulation of FXII activation and the generation of kinins, the
7

activation of PK to kallikrein also directly activates the alternative complement pathway, which
leads to the production of chemotactic mediators such as C3a and C5a (Discipio R.G. 1982).
Meanwhile, the conversion of PK to kallikrein was also found to be able to stimulate neutrophil
chemotaxis (Kaplan et al. 1972).
Later, an in vitro study on neutrophils showed that kallikrein was one of the major
enzymes responsible for the release of elastase during blood coagulation (Wachtfogel et al.,
1983). All of these data point to a crucial role of kallikrein in the regulation of inflammatory
responses. In patients who suffer from hereditary angioedema (HAE), it was demonstrated that
the plasma kallikrein-mediated excessive BK production was the major cause of edema and the
leading cause of morbidity (Schapira et al., 1983). In 2009, a plasma kallikrein inhibitor,
ecallantide (Kalbitor®, Dyax Corp.), was approved by FDA, for the treatment of acute attacks of
HAE in adolescents and adults (Zuraw et al., 2010). Taken together, existing evidence suggests
that PRCP may be involved in the regulation of vascular hemostasis and the development of
inflammation via the activation of PK to kallikrein.
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Figure 2: The structure of PK. The letters A1 through A4 represent the apple domains of
prekallikrein's heavy chain. The notation Factor XIIa and arrow at arginine371 represent the
factor XIIa activation site on prekallikrein. Histidine415, aspartic acid464 , and serine559
represent kallikrein's catalytic active site. A circle with a shaded background represents the
regions involved in binding to high molecular weight kininogen.
[Reprinted with copyright permission from Colman and Schmaier. (1997)].
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Figure 3: Assembly and activation of the KKS on cell surface. HK: high molecular weight
kininogen; PK: prekallikrein; XII: factor XII; CK1: cytokeratin 1; uPAR: urokinase plasminogen
activator receptor; PRCP: prolylcarboxypeptidase; K: kallikrein; BK: bradykinin; tPA: tissue
plasminogen activator; NO: nitric oxide; PGI2: prostacyclin; ScuPA: single chain urokinase
plasminogen activator.
[Reprinted with copyright permission from Shariat-Madar et al. (2002)].
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D. The Role of PRCP in POMC system
In 2009, Nicholas Wallingford et al. had revealed that PRCP gene is related to obesity via
analysis of congenic mouse strains. Their further biochemical study confirmed that PRCP
removes the C-terminal amino acid next to a penultimate proline in α-MSH1–13, which is a
potential anorexigenic hormone derived from POMC in the hypothalamus, producing α-MSH1–
12,

which is not neuroactive (Wallingford et al. 2009). α-MSH1–13 inhibits food intake by binding

to target neurons expressing melanocortin receptors 3 (MC3R) and 4 (MC4R) in the
hypothalamus (Marks et al. 2006; Huszar et al. 1997). To date, PRCP is the first and the only
enzyme that has been identified to be responsible for the rapid inactivation of α-MSH1–13.
Therefore, PRCP represents an attractive therapeutic target in the fight against obesity.

E. Objective
PRCP is an important serine protease that plays crucial roles in several different
physiological systems including KKS, RAS and the POMC system. Investigations on detailed
substrate selectivity of PRCP would both shed light on the biological function of this enzyme,
and also provide attractive target for drug development. Furthermore, though PRCP is a wellestablished PK activator on cell surfaces, the activation mechanism still remains unknown.
Through its activation of plasma PK, PRCP may be a physiologic regulator of blood pressure,
thrombosis risk, and inflammation. Understanding the interactions between PRCP and PK as it
relates to the functions of PRCP should have broad biological interest.
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II. EXPERIMENTAL METHODS

A. Peptides used
In the remainder of this section, letters and numbers in the parentheses correspond to the
first three amino acid residues and the number of amino acids present in each peptide, as a
shorthand notation. Ac-CKTFNQRYLVADKYWKK-amide (CKT18) peptide corresponding to
amino acids 66 to 81 (used as control) and the peptide Ac-SESIHRSWDAINRLSNTC-amide
(SES18) corresponding to amino acids 234 to 250 of the human PRCP1.
PRCP1 (Acc. No: NP_005031.1 or P42785.1, Full PRCP1) — Five sequential 20-mers
[41LPAVAKNYSVLYFQQKVDHF60 (LPA20), 61GFNTVKTFNQRYLVADKYWK80
(GFN20), 81KNGGSILFYTGNEGDIIWFC100 (KNG20),
101

NNTGFMWDVAEELKAMLVFA120 (NNT20), and 121EHRYYGESLP FGDNSFKDSR140

(EHR20)] corresponding to amino acids 41 to 140 of the human PRCP1 were synthesized, at
Quality Control Biochemicals-Biosource international (Hopkinton, MA). In addition, two
sequential 14 to 16-mers [H-338SGQVKCLNISETATSS353 (SGQ16) and H291

YPYASNFLQPLPAW304 (YPY14) corresponding to amino acids 291 to 353 of the human

PRCP1 were synthesized at Peptide 2.0 (Chantilly, VA).
PK (Accession No: P03952) ─Five eight to 12-mers [H-384TTKTSTRI391-OH (TTK8),
H-397TSTRIVGGT405-OH (TST9) , H-395TKTSTRIVGGTN406-OH (TKT12), H398

SWGEWPWQVSLQ409-OH (SWG12), and H-402WPWQVSLQVK411-OH (WPW10)]

corresponding to amino acids 363 to 411 of the human PK were synthesized. In addition, H12

636

SPA638-OH, H-629DGKAQMQSPA638 (DGK-10), 629DGKAQMQSAA638 (DGK-10M (M

denotes modified; Pro-Ala) peptides corresponding to the extreme N-terminus of PK were
synthesized, at Multiple Peptide Systems (San Diego, CA).

B. Schneider (S2) cell culture
S2 cells were derived from Drosophila melanogaster embryo. The cells were transfected
previously with a plasmid carrying the human PRCP gene, as described previously (ShariateMadar et al. 2004).
S2 cells were cultured in 20 mL of HyQ SFX – Insect cell culture medium (Hyclone,
Utah) in 75 cm2 tissue culture flasks (Fisher Scientific, PA). One millimolar Hygromycin B
(Invitrogen, CA) was added to the growth medium to facilitate the selective growth of cells with
the rPRCP1 plasmid at 23 ºC in atmospheric air. The cells were cultured every 3-5 days
depending on the confluence level of the cells. One flask of cells was subcultured to 3 flasks and
then again from 3 to 10 flasks and incubated on a shaker with constant, gentle agitation in dark.

C. Purification of rPRCP1 from Schneider 2 cells
Induction of the S2 cells
Fifteen flasks of confluent S2 cells were collected by centrifugation at 350 x g in 50 mL
polypropylene centrifuge tubes for 10 minutes, and resuspended in inducing medium (0.66 mM
CuSO4) for 48 h at 23°C in dark and placed on a shaker. Supernatant was collected from the cell
suspensions following centrifugation for 10 min at 350 x g.
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Dialysis I
The supernatant was then transferred to Spectra/Por 1 dialysis membrane (Spectrum
Laboratories, CA). This tubing has a 6-8 kDa molecular weight cut off. The membrane was
prepared for dialysis according to the manufacturer’s instructions. The dialysis was performed in
1x Tris(hydroxymethyl)aminomethane (Tris) Buffer (10 mM Tris, 25 mM NaCl, 0.5 mM EDTA,
0.5 mM β- mercaptoethanol; pH 7.1) for 18 h at 4°C with two changes of buffer every 6 hours.

Anion-exchange chromatography
Fifty milliliters of 1X Tris buffer was used to soak 10 g of a Diethylaminoethyl cellulose
(DEAE-cellulose) (Whatman, AZ) for 1 hour. Buffer was changed once after 30 min. Then the
anion-exchange column was prepared by adding the DEAE-cellulose solution to a column with
dimensions (3.5 x 25 cm) at 4 ºC in the cold room, and equilibrating with 3 times of bed volumes
of 1x Tris buffer. The sample was removed from dialysis and loaded onto the column. The
column was subsequently washed with 3 times of the bed volume (20 mL) of 1x Tris buffer.

Dialysis II
The flow-through from the sample and washing steps was collected into dialysis tubing.
The sample was dialyzed in sodium acetate buffer (10 mM CH3COONa, 0.5 mM EDTA, 0.5
mM β-Mercaptoethanol; pH 4.8) overnight in 4°C with two buffer changes every 6 hours.

Cation-exchange chromatography
Fifty milliliters sodium acetate buffer was used to soak 0.45 g of sephadex-SP 150-20
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column resin (Sigma-Aldrich Co., MO) for 1 hour. Buffer was changed once after 30 min. The
stationary phase was prepared by adding the resin to the column with dimensions (1.5 x 25 cm)
at 4 ºC in the cold room, and equilibrating with 3 times of bed volumes (30 mL) of sodium
acetate buffer (10 mM sodium acetate trihydrate, 0.5 mM EDTA, 0.5 mM β-mercaptoethanol,
and pH 4.8). The dialysate was applied to the column. Following the adsorbing of rPRCP1 to the
resin, the column was washed to remove the unbound impurities with 3 bed volumes of sodium
acetate buffer. The rPRCP1 adsorbed to the column was retrieved with eluting buffer (10 mM
sodium acetate, 0.2 N KCl, pH 4.8) and collected in 8 fractions (5 ml/fraction), whereas each
fraction had a volume of 5 ml. The enzymatic activities of each fraction were tested using the
assay of proteolytic activity described below, and the fractions that had the highest activities
were selected for further use. The rPRCP1 obtained was stored at 4 °C.

D. Assay of proteolytic activity
General proteolytic activity was measured using APpNA (Bachem, PA). To determine
hydrolysis of APpNA, 5-10 L rPRCP1 was incubated in HEPES-carbonate buffer (137 mM
NaCl, 3 mM KCl, 12 mM NaHCO3, 14.7 mM HEPES, 5.5 mM glucose, 0.1% gelatin, 2 mM
CaCl2, 1 mM MgCl2, pH 7.1, filtered) containing 1.0 mM APpNA, at 37 °C for 1 h in dark.
Then the releases of pNA were detected by an ELX800 absorbance microplate reader (Bio-TEK,
VT) at 405 nm. Among all the rPRCP1 fractions, the ones that could yield a reading more than
10-fold higher than the background in the concentration range of 0.1~0.5 mg/ml were considered
as active, usable fractions.
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E. Affinity of chromogenic substrates of rPRCP1
Active rPRCP1 fraction was incubated in the presence of increased concentrations of
each of the synthesized chromogenic substrates (in duplicate) in HEPES-carbonate buffer at
37°C for 1 hour in dark. The liberation of pNA from each substrate was determined by the
ELX800 absorbance microplate reader at 405 nm. Assays were performed a minimum of 3 times.
The Km values of each substrate were obtained using the Michaelis-Menten kinetics model in
Prism Graph Pad 5.0 (Graph Pad Software, Inc., CA), and the ratios of each substrates’ Km to the
Km of GPpNA were calculated. kcat were calculated by the following equation:
kcat= Vmax/ ([rPRCP1]x s)
Where Vmax is obtained by the Michaelis-Menten kinetics model in Prism Graph Pad
5.0, and [rPRCP1] indicates the concentration of the rPRCP1 used for each substrate, whereas s
indicates seconds.

F. Substrate inhibition assay
Three tripepetides: SPA, SPF and SPP were used for the substrate inhibition assay. The
experiment was carried out by incubating increasing concentrations of each tripeptide with 10 L
rPRCP1 solution in the presence of 1 mM APpNA, in dark at 37 °C for 1 hour. The effects of
these peptides on rPRCP1 activity were indirectly determined by the hydrolysis reaction of
APpNA detected using the ELX800 absorbance microplate reader at 405 nm.

G. Effect of synthetic peptides on rPRCP1 activity
Increasing concentrations (10 µM through 3 mM) of each synthetic peptide were
incubated with 10 L active rPRCP1 solution in the presence of 1 mM APpNA. HEPES16

carbonate buffer were added to each treatment group to reach a final volume of 100 L/well.
Changes in absorbance were measured with the ELX800 absorbance microplate reader at 405
nm. The initial rate of substrate hydrolysis was utilized to determine rPRCP1 activity. Assays
were performed in three independent experiments. The inhibition of PRCP1 was quantified by
the following equation:
Inhibition (%) = [1-(Sample Af - Ab) / (Total Af - Ab)] x 100
Where Af is the measured absorbance at 405 nm in the presence of any given peptide
(potential inhibitor) and Ab is the absorbance of the blank solution.
IC50’s were determined for inhibition of rPRCP1 activity by various peptides, according
to a previously published work (Mallela et al. 2008). Inhibitors were dissolved in HEPEScarbonate buffer (pH 6.0) or acetate buffer (pH 4.8). GraphPad Prism software was used to
calculate the IC50 values. For the rPRCP1, the incubation mixture at 37°C contained subsaturating concentrations of substrate (relative to Km of the given substrate).

H. Effect of synthetic peptides on FXIIa activity
One hundred micromolars of SWG12, TKT12 and WPW12 were incubated with 20 nM
FXIIa in the presence of 1 mM APpNA. HEPES-carbonate buffer was added to each treatment
group to reach a final volume of 100 L/well. Changes in absorbance were measured with the
ELX800 absorbance microplate reader at 405 nm.

I. Endothelial Cell Culture
HPAEC were obtained and cultured in growth medium according to the
recommendations of the manufacturer (Invitrogen, NY). Cells were subcultured onto Corning
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Costar culture 96 well plates (Pittsburgh, PA) (3X104 cells/well) and incubated overnight at
37°C in 5 % CO2/95% air, humidified cell culture incubator.

J. Effects of the synthetic peptides on PK activation on HPAEC.
HEPES-carbonated buffer was used for washing steps and all dilutions. All the
incubation steps in the experiment were for 1 hour at 37 ºC in 5 % CO2 cell culture incubator.
Confluent monolayers of HPAEC were washed three times and then incubated with 1% gelatin.
This was followed by the addition of 30 nM HK (DiaPharma, OH) to the cells. After 1 hour,
HPAEC were washed and incubated with 30 nM PK (DiaPharma, OH) in the presence of all
concentrations of the peptide fragments. Subsequent to the incubation, the treated cells were
washed and 0.8 mM S2302 (DiaPharma, OH) was used to detect the release of pNA. Following
the last incubation, the activation of kallikrein was measured with the ELX800 absorbance
microplate reader at 405 nm. All assays were run in triplicate and a minimum of 3 times.

K. Expression and purification of recombinant human PK
The cDNA for human PK was ligated into a mammalian expression vector (pJVCMV)
containing a cytomegalovirus promoter. The triplet codons in wild type PK sequence
immediately preceding the 3'-stop codon code for proline and alanine. Three variants of the PK
cDNA were prepared by site-directed mutagenesis so that the wild type Pro-Ala sequence was
replaced by Ala-Ala (P637A), Pro-Stop (A638stop), or Ala-Stop (P637A/A638stop). HEK393
fibroblasts (ATCC-CRL1573) were transfected with 40 μg of PK/pJVCMV and 2 μg of plasmid
RSVneo, which contains a gene conferring resistance to neomycin. Transfection was performed
by electroporation using an Electrocell Manipulator 600 (BTX, CA). Transfected cells were
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grown in DMEM with 5% fetal bovine serum and penicillin/streptomycin for 24 hours and then
switched to the same medium containing 500 μg/mL of G418. Media was exchanged every 48
hours. G418 resistant clones were transferred to 24-well tissue culture plates, and culture
supernatants were tested for PK by ELISA. Lines expressing the highest level of recombinant PK
were expanded in 2-L roller bottles. After reaching confluence, cells were washed with
phosphate-buffered saline, and then a media consisting of 80% Dulbecco Modified Eagle Media
(High Glucose, with L-Glut and sodium pyruvate) 20% Cellgro complete serum free media
(Mediatech, VA), 10 μg/mL soybean trypsin inhibitor and 10 μg/mL limabean trypsin inhibitor
was added to each roller bottle. Conditioned media was collected every 48-72 hours,
supplemented with benzamidine to 5 mM and stored at −20°C.
Four liters of conditioned media was filtered, supplemented with 50 mM sodium acetate,
1 mM EDTA and the pH was adjusted to 5.2 with acetic acid. Media was loaded onto a 100 mL
S-sepharose fast-flow cation exchange column equilibrated with 50 mM sodium acetate, 1 mM
EDTA, pH 5.2. The column was washed with 4 mM sodium acetate, 150 mM NaCl, pH 5.2, and
eluted with a 1 L linear NaCl gradient (150 to 1,000 mM) in the same buffer. Samples of each
fraction were run on a 10% polyacrylamide-sodium dodecyl sulfate (SDS) gel under nonreducing conditions followed by staining with Coomassie brilliant blue. PK containing fractions
were pooled, concentrated to a final volume of 1 mL using an Amicon Ultra 50K centrifugation
filters (Amicon, Beverly, MA), dialyzed against Tris-salined buffer pH 7.4, and then stored at
−80°C.
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L. Effects of rPK mutants on S2302 hydrolysis
Two nanomolar purified human plasma kallikrein (DiaPharma, OH), 25 nM of wild-type
PK and each of the rPK mutants were incubated with 0.5 mM S2302 for 1 hour at 37 ºC in dark.
The amidolytic activity were determined via the release of pNA from S2302 using the ELX800
absorbance microplate reader at 405 nm. HEPES-carbonate buffer at pH 7.1, 2-(N-morpholino)
ethanesulfonic acid (MES) buffer (14.7 mM MES, pH=6.1), and Tris buffer (14.7 mM Tris, pH10.0) were used individually to provide different environment for the assays.

M. Effects of rPK mutants on purified PK activation
Twenty-five nanomolar purified PK was incubated with 25 nM of wild-type PK and each
of the rPK mutants in the presence of 0.5 mM S2302 for 1 hour at 37 ºC in dark. Fifty nanomolar
purified PK was incubated with 0.5 mM S2302 under the same condition as a control. To test the
specificity of the PK activation, PF-04886847, a specific kallikrein inhibitor was added at a
concentration of 0.3 M to the PKs and incubated for one hour in the presence of S2302, before
subjected to detection. The release of pNA from S2302 was detected by the ELX800 absorbance
microplate reader at 405 nm.

N. Effect of rPRCP1 on rPK activation in the absence of HK
Twenty-five nanomolar purified human PK or rPK mutants were incubated with active
rPRCP1 in HEPES-carbonate buffer in the presence of 0.5 mM S2302 in a 96-well microtiter
plate. The plate was then placed in the incubator at 37 ºC at dark. The activation of PKs was
detected by the change of absorbance by the ELX800 absorbance microplate reader at 405 nm.
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O. Activation of rPK mutants by rPRCP1
HK (2 g/well) of was coupled to the microtiter plates in 0.1 M NaCO3 buffer (pH 9.6)
overnight at 37o C. The next day, the linking solutions were discarded and the plate was washed
three times with 200 l HEPES- carbonate buffer (pH 7.1) and then blocked with 1% gelatin.
Following a one-hour incubation at 37 ºC, the plate was washed again and the purified PK, wildtype PK and each rPKs were added to the plate and incubated for 1 hour. Then the nonspecifically bound PKs were washed off with HEPES-carbonate buffer and 10 L of the active
rPRCP1 solution was added to each well in the presence of 0.5 mM S2302. The changes of
absorbance were detected at 405 nm using the ELX800 absorbance microplate reader.

P. Activation of rPK mutants on HPAEC
HEPES-carbonated buffer was used for washing steps and all dilutions. All the
incubation steps in the experiment were for 1 hour at 37 ºC in 5 % CO2 in a cell culture
incubator. Confluent monolayers of HPAEC were washed three times and then block with 1%
gelatin and incubated. Next, the cells were washed and treated with 25 nM HK. After incubation,
the cells were washed and 25 nM of the purified PK, the wild-type PK and each of the rPKs were
added respectively in the presence or absence of 150 of a specific PRCP inhibitor, UM8190,
to the cells and incubated. Finally, the cells were washed and 0.5 mM S2302 were incubated
with the cells and the activation of the PKs were determined at 405 nm using the ELX800
absorbance microplate reader.
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Q. Kinetic studies on the activation of rPK by purified FXIIa, kallikrein and rPRCP1
Twenty-five nanomolar of each PKs were incubated with 2 nM FXIIa, 0.3 nM kallikrein
and around 30 g/ml (depending on the amidolytic activity on APpNA) of rPRCP1, respectively,
in the presence of 0.5 mM S2302. The plates were immediately placed on a BioTek Synergy 2
Multi-Mode Microplate Reader (Bio-Tek, VT), and read at 405 nm at every 2 minutes for the
first 30 minutes, and then every 5 minutes for another 60 minutes. For the experiments done with
kallikrein and rPRCP1, the plates were further read at every 1 hour for the following 4 hours and
then at 8, 20 and 24 hours. The data were plotted as graphs of “formation of kallikrein” vs time,
and the slopes were calculated using linear regression by GraphPad Prism software. The reaction
rates were calculated by the following equation:
Rate of S2302 hydrolysis = Slop /[(xl) x C x 0.0001]
Where is the molar extinction coefficient of S2302, and  = 1.27 x 104 mol-1 ·L ·cm-1,
and l is the pathlength which is considered to be 0.3 cm according to the manufacture instruction.
C is the concentration of FXIIa, kallikrein or rPRCP1. The volume per well is 0.0001 L.

R. Statistical analysis
The parameters evaluated during this study were analyzed by Neuman-Keuls test (Prism
Graph Pad 5.0, Graph Pad Software, Inc., USA)
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III. RESULTS AND DISCUSSIONS

A. Identify the preferred chromogenic substrate for PRCP1.
For the purpose of fully understanding the substrate-enzyme interaction between plasma
PK and PRCP1, our first approach is to study the selectivity of PRCP1 towards the amino acid
residue, which is adjacent to the penultimate proline on the N-terminus side (P2 residue, based
on the nomenclature of Schechter and Berger, 1967). To achieve this goal, we exploited a group
of chromogenic substrates in the form of H-X-Pro-pNA (whereas X represents any amino acid
and pNA represents paranitroanilide)). These substrates were designed and synthesized to select
an optimal substrate sequence by comparing the rate of hydrolysis of these unprotected
dipeptides to that of H-Gly-Pro-pNA (GPpNA). The potency of the novel substrate sequence was
quantified by measuring the ratio of Km of these substrates to the Km of GPpNA. The substrates
that exhibit ratios smaller than 1, could be considered more selective than GPpNA, while those
whose ratios are greater than 1 would be identified as substrates that are less selective than
GPpNA. Our goal was to develop substrates with selectivity ratios that are close to zero. As
shown in Table 4, from the analysis of the substrate hydrolysis by rPRCP1, we found that H-SerPro-pNA (SPpNA) had the most affinity to PRCP1 among all the ten dipeptides substrates tested,
as the SPpNA/GPpNA ratio was found to be the smallest (0.23). The next best substrate found in
this study is H-Ala-Pro-pNA (APpNA), whereas the APpNA/GPpNA ratio (0.48) was only
slightly higher than the SPpNA/GPpNA ratio. PRCP cleaved the dipeptide slightly slower when
the serine was substituted with a larger polar and neutral amino acid, threonine. The contribution
23

Table 1. Structures of the dipeptide substrates.
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of aromatic residues was also investigated using H-Trp-Pro-pNA (WPpNA), and the
WPpNA/GPpNA ratio (0.89) suggested that it was a better substrate for PRCP1 than GPpNA.
However, WPpNA was not as good as substrates with small neutral polar (serine) groups or
small nonpolar groups (alanine). The hydrolysis rates were significantly reduced when the serine
was replaced with amino acids that have an amide group on the side chain, such as asparagine
and glutamine. Furthermore, the replacement of serine with an acidic amino acid, glutamic acid,
remarkably lowered the cleavage rate of PRCP1 on the dipeptide, indicating that PRCP1 prefers
non-charged small amino acid residues as the P2 residue. It is noteworthy that the substitution of
Gln for Glu further reduced the substrate binding affinity to the enzyme. The replacement of
serine with a basic amino acid, histidine or arginine, also reduced cleavage rate of PRCP1 on the
dipeptide, but to a less extent. It is worthy to point out that the hydrolysis rate of rPRCP1 on HArg-Pro-pNA (RPpNA) was much slower compared to the rest of the substrates. The reaction
time was 24 hours for rPRCP1 to hydrolyze RPpNA to reach the plateau, comparing to the rest
of the chromogenic substrates, for which it was within 1 hour. At current stage is it difficult to
interpret the low hydrolysis rate of rPRCP1 on RPpNA. A molecular docking study of the
interaction between PRCP and RPpNA would provide possible explanations on the relatively
slow reaction rate of rPRCP1-catalyzed RPpNA hydrolysis reaction. In summary, based on the
comparison of the Km values of each of the chromogenic dipeptide substrates, we propose that
SPpNA, APpNA, TPpNA, WPpNA and HPpNA are significantly better substrates for rPRCP1
comparing to GPpNA, whereas SPpNA and APpNA exhibited the lowest Km values than the rest
of the substrates (Figure 4). In conclusion, the decrease in Km for the hydrolysis of APpNA and
SPpNA is attributed to a more favorable interaction of alanine and serine with amino acid
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residue(s) in the active site of PRCP1. Substrates with an acidic P2 residue or a bulky side chain
have low affinity to PRCP1 active site.
To further characterize PRCP1 properties in terms of substrate selectivity, investigations
were performed to determine the substrate specificity of PRCP1 towards GPpNA, APpNA, and
SPpNA based on the kinetic parameters. In all the assays we made sure that the substrate
concentrations were more than an order of magnitude greater than the enzyme level, thus the
reaction was considered to be in a steady state. Using the steady-state kinetic mechanism, PRCP1
exhibited various catalytic efficiencies and appeared to display a preference for SPpNA (Table
4). To compare the efficacies of PRCP1 on catalyzing the three substrate hydrolyzation
reactions, kcat and kcat/Km values were determined in addition to Km values (Table 4). The
hydrolysis turnover (kcat) of SPpNA was faster than those of APpNA and GPpNA (Table 4).
Under our assay conditions, the catalytic efficiency (kcat/Km) of rPRCP1 hydrolysis of the
chromogenic substrate SPpNA was at least 2-3 fold higher than APpNA and 6-7 fold higher than
GPpNA (Table 4). Taken together, SPpNA was cleaved faster than GPpNA and APpNA by
rPRCP1.
Next, we also tested the hypothesis that, the addition of an acidic residue (Glu) to the Nterminal end of the dipeptide substrates which have uncharged P2 residues would further lower
the affinity of the substrate (Table 2). As shown in Table 5, the addition of Glu markedly
decreased the binding affinity compared to H-Trp-Pro-pNA. However, H-Glu-Gln-Pro-pNA
appeared to have a similar Km value as H-Gln-Pro-pNA. More studies are needed to explain this
reduction of affinity by adding the Gln/Glu residues, such as a computational study of docking
these substrates into the active site of PRCP1.
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Discussion
The study of PRCP1 dates back to 1968, where “a new angiotensinase” was reported
found in swine kidney and human urine which was able to break the prolyl-phenylalanine bond
in various peptides including Ang II (Yang et al. 1968). From then on, a large number of studies
have been performed to investigate the biochemical properties and biological significance of this
enzyme. A growing body of evidence indicates that PRCP1 has several highly selective

Table 2: Structures of the tripeptide substrates.
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Table 3: Dipeptide substrate selectivity of rPRCP1
Substrate sequence

rPRCP1

Rate of hydrolysis Ratio

Km (mM)

[Km(Substrate)/Km(GPpNA)]

H-Gly-Pro-pNA (GPpNA)

1.3±0.3

1

H-Ala-Pro-pNA (APpNA)

0.48±0.1

0.4

0.89±0.25

0.7

1.75±0.56

1.3

H-Arg-Pro-pNA (RPpNA)

1.01±0.08*

0.8

H-His-Pro-pNA (HPpNA)

0.74±0.41

0.6

H-Ser-Pro-pNA (SPpNA)

0.31±0.1

0.2

H-Thr-Pro-pNA (TPpNA)

0.48±0.08

0.4

H-Asn-Pro-pNA (NPpNA)

2.3±0.25

1.8

H-Gln-Pro-pNA (QPpNA)

3.2±0.65

2.5

P2-P1-pNA
Aliphatic

Aromatic
H-Trp-Pro-pNA (WPpNA)
Hydrophilic
Acidic
H-Glu-Pro-pNA (EPpNA)
Basic

Neutral Polar

Increased concentrations of each chromogenic substrate were incubated with rPRCP1 for 1 hour
except RPpNA and the releases of pNA were detected using a microplate reader.
* RPpNA was incubated with rPRCP1 for 24 hours, instead of 1 hour.
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Figure 4: Comparison of the Km values of X-Pro-pNA. Increased concentrations of each
chromogenic substrate were incubated with rPRCP1 for 1 hour the releases of pNA were
detected at 405 nm with a microplate reader. Data are expressed as mean ± SEM (n = 3). * P ≤
0.05 versus GPpNA. ** P ≤ 0.01 versus GPpNA. *** P ≤ 0.001 versus GPpNA.
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Table 4: Kinetic parameters for the hydrolysis of X-Pro-pNA by rPRCP1
Kinetics

Gly-Pro-pNa

Ser-Pro-pNA

Ala-Pro-pNA

Km (mM)

1.37 ±0.20

0.37 ±0.04

0.48 ±0.16

Vmax (M/s)

0.0029 ±0.007

0.0032 ±0.0015

0.0027 ±0.0015

kcat (s-1)

0.0020 ±0.004

0.0034 ±0.002

0.00297±0.003

kcat /Km

0.0014 ±0.002

0.0091 ±0.002

0.0046 ±0.001

Increased concentrations of each chromogenic substrate were incubated with rPRCP1 for 1 hour.
The releases of pNA from each substrate were detected by a microtiter plate reader at 405 nm.
The Km and Vmax values of each substrate were obtained using the Michaelis-Menten kinetics
model in Prism Graph Pad 5.0.
Table 5: Tripeptide substrate selectivity of rPRCP1
Substrate sequence

rPRCP1

Rate of hydrolysis Ratio

Km(mM)

[Km(Substrate)/Km(GPpNA)]

H-Gln-Ser-Pro-pNA (QSPpNA)

2.3±0.32

1.8

H-Glu-Gln-Pro-pNA (EQPpNA)

3.4±0.48

2.6

H-Glu-Trp-Pro-pNA (EWPpNA)

6.29±1.2

4.8

P3 - P2 - P1- pNA

Increased concentrations of each chromogenic substrate were incubated with rPRCP1 for 1 hour
and the releases of pNA were detected using a microplate reader.
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endogenous substrates and thus, participates in the regulation of different biological systems,
including RAS, KKS and the POMC system. In corresponding to the roles of PRCP1 in these
systems, PRCP1 becomes a potential therapeutic target in the treatment of hypertension,
inflammation and obesity. Xu et al. reported a strong association between elevated plasma PRCP
levels, and signs and symptoms of obesity, diabetes mellitus and cardiovascular dysfunction.
They observed that plasma PRCP levels were significantly correlated with symptoms of obesity,
and more interestingly, in patients with both obesity and diabetes mellitus, the PRCP levels were
even higher relative to those who were obese. Furthermore, they showed that PRCP levels were
positively associated with plaque formation, the risk of peripheral artery disease, and arterial
wall thickness independent of sex, obesity, or diabetes (Xu et al., 2012). Their study strongly
point to a promising role of PRCP as a biomarker for obesity, diabetes and possibly,
atherosclerosis. Most recently, PRCP was revealed to function as a pro-angiogenic factor in
mice. Adams et al. reported that PRCP depletion significantly suppressed endothelial cell growth
and migration. Inconsistent with the cellular studies, their observations on PRCPgt/gt mice
indicated that PRCP promoted angiogenesis and the response to vascular injury (Adams et al.,
2013). This study strongly indicated the role of PRCP1 in the regulation of vascular homeostasis.
In spite of the crucial roles of PRCP1 in the regulation of vascular and metabolic
disorders, the structural features of PRCP1 substrates that confer selectivity remain unknown.
The uncovering of the substrate specificity of PRCP1 becomes central to the identification of
potential endogenous substrate(s), as well as understanding the physiological role of this enzyme.
Odya et al. have utilized benzyloxycarbonyl (Cbz) group-linked dipeptides in the form of CbzPro-X (whereas X represents any amino acid) to investigate the selectivity of PRCP1 towards the
last amino acid residue of a substrate, and the release of C-terminal amino acid from these
31

protected synthetic substrates were determined with an automatic amino acid analyzer (Odya et
al. 1978). The current study was aimed to investigate the P2 residue selectivity of PRCP1, using
a chromogenic leaving group, pNA, as the indicator of the hydrolysis reaction. The advantages
of the chromogenic substrates are: 1) the cleavage reactions are easier and faster to detect
compared to using an automatic amino acid analyzer; 2) because there is no need to stop the
reaction, which is necessary where an automatic amino acid analyzer is used, time courses of the
reaction can be easily performed and each reaction is allowed to reach plateau. Furthermore,
instead of performing the experiments at pH = 5.0 as done in the Odya group’s study, we used
HEPES-carbonate buffer at pH = 7.1 to mimic the in vivo environment. Based on our study, we
propose that PRCP1 prefers a small, non-charged amino acid at the P2 site of its substrate, and
the substitution of amino acid residues with a bulky side chain, or a charged side chain, would
reduce the substrates’ affinity to PRCP1, to different extents. According to our kinetic study, via
the comparison of the turnover number and the catalytic efficiency, we identified SPpNA and
APpNA as the best two dipeptide chromogenic substrates of PRCP1 for our further study on the
enzyme. The specificity profile of PRCP1 may further aid in elucidation of the function of this
enzyme and its biological substrate repertoire. Moreover, our study on the PRCP1 substrate
specificity would also provide a framework for the design of selective probes and potent
inhibitors.
Based on the studies done by our lab, and several other groups, we observed no
substrate/product inhibitory effect in all the PRCP1 catalyzed reactions. This is supported two
facts: 1) according to the definition of substrate/product inhibition, the velocity curve of a
substrate/product inhibitory reaction should rise to a maximum as the substrate concentration
increases, and then begin to exhibit a descending trend either to zero or to a non-zero asymptote
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(Keuhl PW., 1994; Reed et al., 2010). Representative examples of reactions with this mechanism
include the tyrosine hydroxylase-catalyzed L-DOPA synthesis from tyrosine (Nakashima et al.,
1999; Reed et al., 2010), and phosphofructokinase-catalyzed phosphorylation of fructose-6phospahate (Uyeda et al., 1981), both of which are under strong inhibition of the substrates
tyrosine and ATP, respectively. However, as indicated by Figure 5, the substrate-velocity curve
of PRCP1-catalyzed substrate hydrolysis reactions displayed a stable plateau. We did not detect
any inhibitory effect even at the highest concentrations of the substrate tested. And similar
velocity curves were observed on all the chromogenic substrates that we investigated in this
study, as well as on the endogenous substrates of PRCP1, including des-Arg9-BK (Chajkowski et
al., 2011) and plasma PK (Shariat-Madar et al., 2002); 2) in spite of the fact that in the current
study, it is only the chromogenic group of the substrate, pNA, that we are measuring for an
indicator of PRCP1 activity, several other studies had reported the detection of the peptide
product of PRCP1 after the catalytic reaction, for instance, the release of BK1-7 was detected by
liquid chromatography-mass spectrometry in the mixture of rPRCP1 and des-Arg9-BK, in both
time-dependent and dose-pendent manners with stable plateaus (Chajkowski et al., 2011). Also,
PRCP1-induced kallikrein formation was detected with gel electrophoresis, as will be discussed
later (Shariat-Madar et al., 2002; 2004).These studies strongly indicated that the products of
PRCP1-catalyzed reactions were released from the enzyme to the solution, therefore, eliminating
the possibility of product inhibition.
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B. Determine the carboxyl-terminal residue preference of PRCP1 by substituting pNA
with a serine, alanine or proline residue in SPpNA.
We then hypothesized that the P1’ residue is an important factor in determining the
substrate specificity of PRCP1. According to the substrate inhibition mechanism, investigations
were carried out to determine the C-capping preference of different amino acids by substituting
for pNA in SPpNA. To test this, we used three synthetic tripeptide substrates in the form of SerPro-X (whereas X represents any amino acid that is the P1’ residue) to inhibit the hydrolyzation
of APpNA by rPRCP1. We used APpNA instead of SPpNA in this inhibition study, because a) it
has a similar (not significantly different) Km compared to SPpNA; b) it is relatively more stable
than SPpNA; c) it is commercially available. Based on the observation that PRCP1 was unable to
hydrolyze dipeptides where proline was in the C-terminal (Charles E. et al., 1978), we used SerPro-Pro (SPP) as a negative control in this substrate inhibition study. As shown in Figure 6, SPP
was ineffective in inhibiting rPRCP1. It has been proposed that the C-terminus of PK may serve
as a potential substrate for PRCP1 (Hooley et al. 2007). Therefore, we adapted Ser-Pro-Ala
(SPA), which has a sequence that is identical to amino acid residues 636 to 638 of the Cterminus of human PK to test this proposal. Interestingly, SPA blocked the hydrolysis of APpNA
by rPRCP1 in a dose-dependent manner, suggesting that SPA is primarily substrate competitive.
Meanwhile, Ang II, Ang III and des-Arg9-BK were all revealed to be endogenous substrates of
PRCP1 (Odya et al. 1978). The addition of Ang III blocked the APpNA hydrolysis by rPRCP40,
which is a truncated form of PRCP (Mallela et al. 2008). Since the C-termini of these molecules
are Pro-Phe, the effect of Ser-Pro-Phe (SPF) on APpNA metabolism was also determined.
Surprisingly, SPF only partially inhibited the hydrolysis of APpNA, when the concentration used
reached to more than 2 mM (Figure 6).
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Figure 5: Dose-response of APpNA activated by rPRCP1. Increased concentrations of
APpNA were incubated with 10 l rPRCP1 in dark at 37 °C for 1 hour. The release of pNA by
rPRCP1 from APpNA was determined using a microplate reader at 405 nm. Data are expressed
as mean ±SEM (n = 4).

Figure 6: Substrate inhibition of rPRCP1. Increased concentrations of each of the tripeptide
were incubated with 10 l rPRCP1 in the presence of 1 mM APpNA in dark at 37 °C for 1 hour.
The effects of these peptides on rPRCP1 activity were indirectly determined by the hydrolysis
reaction on APpNA, detected using a microplate reader at 405 nm. Data are expressed as mean ±
SEM (n = 3).
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Discussion
In the present study, we investigated whether the tripeptide, SPA, in corresponding to the
PK C-terminal sequence S636PA638, would act as a substrate of PRCP1. To achieve this goal, the
P1’ site of the substrate is under investigation. However, in most studies on carboxypeptidase,
the S1’/P1’ interaction is generally overlooked due to the prevalent assay condition where
substrates with chromophoric leaving group are used (Hedstrom., 2002). To solve this problem, a
substrate competition assay was adopted in the current study. Three tripeptides were generated,
and their abilities to compete with APpNA as substrates for PRCP1 were considered as the
indicator for evaluating their respective affinity to the enzyme. We report that under our assay
condition, SPA displayed a markedly higher affinity to rPRCP1 in comparison with APpNA,
indicated by a dose-dependent inhibition of APpNA hydrolysis by rPRCP1. Nevertheless, SPF,
which is identical to the last three-amino acid sequence of the known endogenous substrates of
PRCP1, i.e., Ang II, Ang III and des-arg9-BK, only partially inhibited APpNA hydrolysis. One
possible explanation is that the protonation states of the amino acid residues in PRCP1 active site
(His455, His456 and Arg460) (Chajkowski et al. 2011) interfere with the release of phenylalanine,
thereby reducing the binding affinity of the tripeptide. However, a molecular docking study on
the binding of SPF to PRCP1 may be required for confirming this hypothesis. Alternatively,
APpNA might be a better substrate than SPF. Taken together, these observations indicated that
the tripeptide SPA was a better substrate for PRCP1 than APpNA. However, SPF was not as
good as SPA in terms of the displacement of APpNA from the PRCP1 active site. This study also
confirmed that PRCP1 could not cleave the peptide bond between two proline residues at the Cterminus of a substrate.
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C. Peptide mapping of PRCP1 cleavage site on PK.
While the activation of PK by PRCP1 has been demonstrated, their actual interaction
sites and PRCP1 cleavage site on PK remain obscure. Here, investigations were performed to
identify the regions of PK that are involved in catalysis.
We postulated that PRCP cleavage sites on PK would be similar to the FXIIa cleavage
sites on PK (R390-I391). To test this hypothesis, we initially looked for the potential PRCP
cleavage sites near R390-I391. Synthetic overlapping 8- to 10-mer peptides (PK residues 362-392)
were screened for their abilities to block PRCP-dependent PK activation. Peptides
384

TTKTSTRI391, 387TSTRIVGGT395, 398SWGEWPWQVS407 and 393GGTNSSWGEWPW404

sequences of PK (Accession No: P03952, EC 3.4.21.34) were synthesized (Table 6). All peptides
were purified by preparative reverse-phase high performance liquid chromatography and
characterized by amino acid analysis and mass spectroscopy. Investigations were performed to
detect which synthetic peptides from these PK sequences would block PK activation both on
cells and HK linked to microtiter plate cuvette wells. To our surprise, none of these peptides
blocked PK activation, either on cells or on HK linked to microtiter plate, suggesting that PRCP
acts on a different site on PK than the FXII cleavage site. In comparison, three of the synthetic
peptides were also used to test their influence on the FXIIa-induced PK activation (Figure 7). We
observed that SWQ12, which is located on the flank of the cleavage site, significantly reduced
FXIIa activity on the hydrolysis of S2302, though the other two peptides failed in inhibiting
FXIIa peptides.
Next, investigations were performed to study the involvement of the C-terminal region of
PK, as a potential PRCP cleavage site, in its interaction with PRCP1. PK and FXI are closely
related with 58% identity at the amino acid level, and they both are substrates for FXIIa.
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However, PRCP1 can only activate PK but not FXI. The comparison between the PK model and
FXI structure reveals that, a key difference between them is located at the C-terminal region. In
PK structure, there is an addition of 10 extra residues with the sequence Ser-Pro-Ala at the end
(Hooley E. et al., 2007). Overlapping peptides corresponding to amino acids between Gln607 and
Ala638 of the proposed PRCP1 cleavage site on PK were synthesized to determine whether these
peptides block PRCP1-dependent PK activation on endothelial cells (Table 6). In our assay
condition, 629DGKAQMQSPA638 (DGK10) blocked PRCP1-dependent PK activation on
endothelial cells with an IC50 of 3 mM (Table 6; Figure 8, Panel A). However, DGK10 blocked
rPRCP1 with an IC50 of 0.6 mM (Table 6; Figure 8, Panel B). To confirm the involvement of the
penultimate proline in the substrate selectivity of PRCP, we replaced the proline residue with
alanine. This proline to alanine substitution of residues in 629DGKAQMQSAA638 (DGK10M)
resulted in the loss of inhibitory function. This finding suggested that PRCP cleavage site on PK
is between proline 637 and alanine 638, and pointing to the importance of proline in triggering
PK activation.

Discussion
Human plasma PK is activated by FXIIa via a single bond split, generating a heavy chain
of 390 amino acids which is still linked to a light chain by a disulfide bond between Cys383 and
Cys502. The incubation of FXIIa with PK exhibited two bands represented the heavy (52 kDa)
and light chains (33~36 kDa) on a reduced SDS gel, whereas intact PK displayed as a single
band with a molecular weight of 86 kDa (Mandle et al., 1976). A same result was seen on a
reduced SDS gel loaded with the product of PRCP activated PK (Shariat-Madar et al., 2002;
Shariat-Madar et al., 2004). Therefore, experiments were first performed to study if the synthetic
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peptides that march through the cleavage site (Arg390-Ile391) would block PRCP-dependent PK
activation. To our surprise, none of the 6 synthetic peptides with overlapping sequences flanking
the FXIIa-cleavage site influenced PRCP activity, both in fluid phase or on cell surface. On the
other hand, one of the peptides (SWG12) was able to inhibit FXIIa activity (Figure 7), indicating
that it could be recognized by the FXIIa active site, but not the PRCP active site. This finding
strongly indicated that PRCP1 could not directly cleave at the same site on PK as FXIIa, to
activate PK. Since PRCP acts as a carboxypeptidase, and our previous experiment had proved
that the last three amino acid sequence, SPA possessed a high affinity to PRCP1, we then
decided to investigate if the C-terminus of PK would be involved in PRCP1-induced PK
activation. Using a synthetic peptide, DGK10, that spans the last 10 amino acid of PK Cterminus, we found a dose dependent inhibition of this peptide on APpNA hydrolysis by
rPRCP1. Furthermore, because PRCP1, as a prolylpeptidase, specifically recognizes a
penultimate proline residue at the C-terminus of its substrates, a substitution of the proline in
DGK10 by alanine was generated to verify the role of the proline residue. As expected,
DGK10M lost the inhibitory effect on rPRCP1 activation, strongly suggested the involvement of
the C-terminus of PK, especially the penultimate proline, in the activation of PK by PRCP1.
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Table 6: Effects of synthetic peptides on PRCP1 activity both on cells and in the fluid phase

Prekallikrein

S2302
hydrolysis
IC50 (mM)

APpNA
hydrolysis
IC50 (mM)

TTKTSTRI391

NE

NE

TSTRIVGGT395

NE

NE

TKTSTRIVGGTN396

NE

NE

NE

NE

Abbreviation

Sequence

FXIIa
Cleavage site
regions
384

TTK8

387

TST9
TKT12

385

SWG12

398

WPW10

402

WPWQVSLQVK411

NE

NE

GGT12

393

GGSSWGEWPW404

NE

NE

DGK10

629

638

3

0.6

DGK10M

629

638

NE

NE

SWGEWPWQVS407

PK C-terminus
DGKAQMQSPA

DGKAQMQSAA

To determine the effects of the synthetic peptides on kallikrein formation, monolayers of
HPAEC were treated with 20 nM HK, followed by 20 nM PK in the presence of increasing
concentrations of each synthetic peptide, and finally 0.5 mM S2302 were added and the plates
were read at 405 nm using a microplate reader. To determine the effects of the synthestic
peptides on rPRCP1 activity, increasing concentrations of each synthetic peptide were incubated
with 10 l rPRCP1 in the presence of 1 mM APpNA, and the hydrolysis of APpNA were
detected at 405 nm using a microplate reader. The letters in pink indicates the locations of the
substitution of proline in DGK10 by alanine in DGK10M.
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Figure 7: Effects of synthetic peptides on FXIIa activity. SWG12, TKT12 and WPW12 at the
concentration of 100 M were incubated with 20 nM FXIIa, respectively, in the presence of 1
mM APpNA. Changes in absorbance were measured with a microplate reader at 405 nm. Data
are expressed as mean ± SEM (n = 4). * P ≤ 0.05 versus FXIIa group.
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Figure 8: Inhibition of PRCP1 by DGK 10 and DGK10M. Panel A. Effects of DGK10 and
DGK10M on kallikrein formation on cells by PRCP1. Confluent monolayers of HPAEC were
treated with 20 nM HK, followed by 20 nM PK in the presence of increasing concentrations of
DGK10 or DGK10M, and finally 0.5 mM S2302 were added and the plate were read at 405 nm
using a microplate reader. Panel B. Effects of DGK10 and DGK10M on the hydrolysis of
APpNA by rPRCP1. Increasing concentrations of DGK10 or DGK10M were incubated with 10
l active rPRCP1 in the presence of 1 mM APpNA, and the hydrolysis of APpNA were detected
at 405 nm using a microplate reader. Data are expressed as mean ±SEM (n = 3).
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D. Characterize the recombinant PK mutants.
To further investigate the role of the PK C-terminus in PRCP-dependent PK activation,
recombinant PK mutants were generated using site-directed mutagenesis, which are distinct from
each other and the wild-type PK only at the extreme C-terminal sequence. The three PK mutants
are: P637A, which has an alanine substitution at position 637 instead of proline; A638stop,
which is a truncated form of PK that doesn’t have the last alanine residue at position 638; and
P637A/A638stop, which is a double mutant that has alanine at position 637 as the last amino
acid of the sequence (Figure 9).
To determine the catalytic activity of these rPK mutants, the hydrolysis reaction of the
kallikrein substrate, S2302, was adopted, and purified human PK and kallikrein were used as
negative and positive controls, respectively. As shown in Figure 10, human kallikrein exhibited a
robust release of pNA from S2302, while purified human PK had no detectable activity on
S2302. On the other hand, the wild-type PK and all the PK mutants showed some kallikrein
activity, although their activities were markedly smaller than the human kallikrein (more than 11
fold) (p≤0.001, one-way ANOVA with Newman-Keuls post hoc test). However, no significant
difference was observed between the rPK mutants, or between the rPK mutants and the wild-type
PK, indicating that the modification of the PK C-terminus in this study is not sufficient for
directly activating these rPK mutants to kallikrein.

43

1.0

0.5

***

***

***

***
8s
to
p

P6
37

A
/A
63

63
8

st
op

A
A

P6
37

T
W

K

PK

0.0

al

Hydrolysis of S2302 by rPK
mutants (405 nm)

Figure 9: The mutations of rPKs. Panel A. The domain structure of PK. The mutations that
were introduced into PK (KLKB1) are indicated by asterisks. Arrows denote the beginnings or
ends of PK chains. Panel B. Diagram of the locations of the mutations that were introduced
into PK. Wild-type PK and its C-terminal appropriate mutant sequence are shown. The number
in parentheses flanking each amino acid sequence region indicates the position of the residue at
the beginning and end of the region. Amino acids that were mutated in the wild-type PK to
match the corresponding residue in the mutant rPK are indicated in bold. WT; wild-type, X; stop.

Figure 10: Effect of purified human PK and recombinant PK mutants on S2302 hydrolysis.
Two nanomolar purified human plasma kallikrein, 25 nM of wild-type PK and each of the rPK
mutants were incubated with 0.5 mM S2302 for 1 hour at 37 ºC in dark. The amidolytic activity
were determined via the release of pNA from S2302, using a microplate reader at 405 nm. Data
are expressed as mean ± SEM (n = 3). *** P ≤ 0.001 versus Kal. Kal, human plasma kallikrein;
WT, wild-type.
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Since the rPK mutants and the wild-type PK displayed weak abilities of releasing pNA
from S2302, we further investigated the effect of these rPKs on purified human plasma PK.
Twenty-five nanomolar purified plasma PK was incubated with equivalent amount of wild-type
PK or each of the rPK mutants, respectively, in the presence of 0.5 mM S2302 for 1 hour. Fifty
nanomolar purified human plasma PK were incubated with S2302 under the same condition as a
control. The addition of purified human PK to wild-type PK resulted in a slightly, but not
significantly, higher amidolytic effect on S2302, comparing to the 50 nM PK group. On the other
hand, both P637A and P637A/A638stop displayed significantly higher levels of amidolytic
activities on S2302 (p≤0.01 and p≤0.05, respectively, one-way ANOVA with Newman-Keuls
post hoc test) comparing to the WT + PK group. P638stop released slightly more pNA from
S2302 comparing to the wild-type PK, but this effect was not statistically significant (Figure 11).
To eliminate the possibility of the existence of residual amounts of kallikrein in the rPK
solutions, 0.5 mM S2302 was added to 25 nM of each of the PKs and the hydrolysis reaction was
determined immediately. None of the wild-type PK or rPK mutants alone exhibited a detectable
amidolytic activity on S2302, indicating that residual kallikrein contamination was not the reason
for the kallikrein activities observed in the P637A+PK and P637A/A638stop+PK groups. These
data implied that, the kallikrein activity developed in the P637A+PK and P637A/A638stop+PK
groups, were due to the ability of these two rPK mutants to form kallikrein from PK, because
purified human plasma PK only showed minimum kallikrein activity. In addition, our assay
demonstrated that rPK mutants alone only displayed a residual level of kallikrein activity, when
comparing to the purified human kallikrein (Figure 11), which were significantly lower than that
observed in the purified human PK+rPKs groups (p≤0.001, one-way ANOVA with NewmanKeuls post hoc test). To further demonstrate the kallikrein formation from the purified PK, a
45

specific plasma kallikrein inhibitor, PF04886847 (PF048), was employed. One hundred
nanomolar PF048 completely blocked the hydrolysis reaction of S2302 in both the P637A+PK
and P637A/A638stop+PK groups, and other testing groups as well, confirmed the generation
kallikrein by P637A and P637A/A638stop, when they were of incubated with purified human
plasma PK (Figure 11) .
To further characterize the rPK mutants, two different buffer systems with distinct pH
values were selected to determine the stabilities of these rPKs in acidic/basic environments. For
the acidic system, MES buffer (14. 7 mM MES, pH=6.1) were used, while for the basic system,
Tris (14. 7 mM Tris, pH=10) was employed. None of the rPK mutants nor the wild-type PK
exhibited more kallikrein formation in MES buffer after 1 hour incubation, either comparing to
the purified PK or to their own activities in the HEPES buffer at pH=7.1(Figure 12, Panel A). In
the Tris buffer, all the PKs assayed displayed slightly less amidolytic effects on S2302 than their
activities in HEPES buffer (Figure 12, Panel B). No differences were observed between the rPK
mutants in terms of their activity on S2302 hydrolysis, in either of the buffer systems. These
results indicated that the modulation of the C-terminal sequence of PK did not change the
stability of the zymogen molecules in different pH systems.
Plasma PK circulates predominantly in a complex with HK in normal human blood
(Mandle et al). Based on this knowledge, we incubated HK with wild-type PK and each of the
rPK mutants in solution to study if HK would influence the autoactivation of the rPKs. The
addition of HK slightly suppressed the elevated kallikrein formation from the rPKs (Figure 13).
This observation indicated that HK would serve as a stabilizer molecule to protect rPKs from
autoactivation.
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Next, we determined the activation of rPRCP1 on the rPK mutants in comparison with
that of rPRCP on the wild-type PK and purified PK. On rPRCP1-linked 96-well plate, in the
presence of HK, we observed that all the rPKs (25 nM) were activated to kallikrein, which were
indicated by the marked liberation of pNA from S2302 in all the groups. However, rPRCP1
activated purified PK significantly more (P ≤ 0.01, one-way ANOVA with Newman-Keuls post
hoc test) than those of wild-type PK, P637A, A638stop, and the double mutant P637A/A638stop.
Among the wild-type PK and the rPK mutants, we found that a significantly larger amount of
kallikrein was generated from P637A by rPRCP1 (P ≤ 0.05, one-way ANOVA with NewmanKeuls post hoc test), comparing to the rest of the rPK mutants. Both A638stop and
P637A/A638stop were activated by rPRCP1 to lesser extents, whereas the latter displayed the
least kallikrein formation after the incubation with the rPRCP1-linked plate (Figure 14).
HK, as a protein composed of 6 domains, binds to PK through its domain 6, while it
binds to endothelial surface through regions in domains 3, 4 and 5 (Colman and Shmaier., 1997).
In fact, HK dose not only transport PK to the cells surface where PRCP1 is expressed, but it also
modulates the activation of PK by PRCP, since in the absence of HK, little activation of PK on
endothelial cells was detected, though the binding of biotinylated PK was not decreased to the
same level (Motta, et al). Due to this fact, we also used a peptide, SDD31, which is the PK
binding site on domain 6 of HK, to determine if HK is necessary for the rPK mutants in respect
of being activated by rPRCP1. The inhibition of rPK binding to HK completely blocked the
formation of kallikrein by rPRCP1 from either the wild-type PK or the rPK mutants, suggesting
that similar to purified plasma PK, the rPK mutants required HK binding to facilitate their
activations by rPRCP1 (Figure 14).
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Since human plasma PK is most likely to be activated on a surface (either an artificial or
an endogenous cell surface), we also examined whether this is true for the rPK mutants. The
mixture of rPRCP1, HK and purified plasma PK in solution leads to residual hydrolysis of S2302
after 1 hour of incubation. This is consistent with the previous finding (Shariat-Madar, et al).
Similar to the purified PK, none of the rPK mutants were activated by rPRCP1 in solution even
in the presence of HK, indicating that the modification of the C-terminal sequence did not
change the activation property of the PRCP-catalyzed kallikrein formation from these rPKs.
It has been well-established by our lab and other that PRCP1 is present and active on
HPAEC cell surface (Shariat-Madar et al, 2002; Ngo et al, 2009). In order to further characterize
the rPK mutants, we sought to determine if activation of the wild-type PK, P637A, A638stop, or
P637A/A638stop mutants would occur on HPAEC. Since HK serves as a cofactor of PK in the
reaction of cell surface-activation of PK, 25 nM HK was used to treat the cells for 1 hour before
the addition of purified PK or rPKs. As a control to this, incubations of HPAEC with HK, PK,
wild-type rPK, P637A, A638stop, or double mutant P637A/A638 alone, respectively, were
performed under the same condition as well. In the absence of HK, none of the PKs tested
resulted in the hydrolysis of S2302, suggesting that autoactivation of rPKs on cells surface did
not occur. This result is consistent with the previous finding that the changes in the PK Cterminus did not change the important role of HK in PRCP1-catalyzed PK activation (Figure 13).
When their activation were assessed on the HK-treated HPAEC, all the PKs were effectively
activated, indicated by the liberation of pNA from S2302. Thus, kinetic studies implied that all
rPKs were activated to kallikrein with the following order of efficacy: P637A> A638stop >
P637A/A638stop > wild-type PK. Activation of P637A/A638stop was significantly lower than
the other mutants (P ≤ 0.05, one-way ANOVA with Newman-Keuls post hoc test) (Figure 15).
48

This finding is consistent with what had been shown in microtiter plate-bound HK, suggesting
that the double mutant P637A/A638stop has a unique activation profile when compared to other
PK mutants. To confirm that the activation of rPK mutants was catalyzed by PRCP1 on the cells,
a specific PRCP1 inhibitor, UM8190, was employed in this study. As a result, UM8190
markedly inhibited the kallikrein formation observed in all the PKs on HPAEC (P ≤ 0.001, oneway ANOVA with Newman-Keuls post hoc test) (Figure 15). These observations suggested that
the modification of PK C-terminus influenced the susceptibility of the rPK mutants to PRCP1dependent activation. However, the fact that PRCP can still activate these rPK mutants with
modified C-termini suggests that PRCP may acts as an endopeptidase on other sites on PK.
Besides PRCP1, FXIIa and kallikrein are two other known PK activators in normal
human plasma. After the incubation of FXIIa with plasma PK, it was observed that the
generation of amidolyitic activity was associated with the formation of the characteristic two
bands of kallikrein on a reduced SDS-PAGE gel, reflecting the activation of PK by FXIIa
(Mandle R Jr and Kaplan AP, 1977). Prolonged incubation of plasma PK with kallikrein led to
the generation of two new bands on a reduced SDS-PAGE gel, with the molecular weights of
33,000 and 20,000, as well as a decrease of the band density of the heavy chain, suggesting an
autolytic cleavage reaction of kallikrien on its heavy chain. Further studies indicated that product
of the kallikrein cleaved PK retained a similar amidolytic activity as well as the ability to activate
FXII, as the kallikrein produced by FXIIa. Thus, the kallikrein with an intact heavy chain was
designated as -kallikrein, while the form of the enzyme with a cleaved heavy chain was
designated as -kallikrein (Colman et al, 1985; Burger et al, 1986).
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Figure 11: Effect of purified human PK and rPK mutants on PK activation. Twenty-five
nanomolar purified PK was incubated with 25 nM of wild-type PK or each of the rPK mutants in
the presence of 0.5 mM S2302 for 1 hour at 37 ºC in dark. Fifty nanomolar purified PK was
incubated with 0.5 mM S2302 under the same condition, as a control. PF-04886847, a specific
kallikrein inhibitor was added at a concentration of 0.3 M to the PKs and incubated for one
hour in the presence of S2302, before subjected to detection. The release of pNA from S2302
was detected by a microplate reader at 405 nm. Data are expressed as mean ±SEM (n = 3). * P ≤
0.05 versus WT+PK. ** P ≤ 0.01 versus WT+PK. † P ≤ 0.05 versus P637A.
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Figure 12: Effect of purified human PK and rPK mutants on S2302 hydrolysis in
different pH environments. Two nanomolar purified human plasma kallikrein, 25 nM of wildtype PK and each of the rPK mutants were incubated with 0.5 mM S2302 for 1 hour at 37 ºC in
dark. The amidolytic activity were determined via the release of pNA from S2302, using a
microplate reader at 405 nm. Data are expressed as mean ±SEM (n = 3). Panal A. MES buffer
at pH=6.1 was used. Panel B. Tris buffer at pH=10.0 was used.
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In order to determine whether the modification of the PK C-terminal residues would
influence the zymogen’s susceptibility to the activation by FXIIa, plasma kallikrein and PRCP1,
time course was performed to study the rates of rPK mutants activation by each of the activators.
In spite of the fact that FXIIa induced the activation of all the rPKs to similar maximum
levels indicated by individual Vmax values, the activation rates for each rPK mutants were
different from each other, and the wild-type PK. FXIIa exhibited a significantly higher activation
rate on A638stop, comparing to the other two PK mutants. All the rPK mutants were activated
slightly faster by FXIIa than the wild-type PK. However, this effect is not statistically significant
(Figure 16). These results strongly suggested that the removal of the C-terminal amino acid
residue, alanine, significantly enhanced the susceptibility of PK to FXIIa activation.
Next, experiments were carried out to investigate the activation rates of kallikrein on the
rPK mutants. Since S2302 was also a substrate of kallikrein, a smaller amount of kallikrein
needed to be used in the experiment than FXIIa. A dose response and time course of the effect of
kallikrein on S2302 was performed and as a result, 0.1 nM of kallikrein was chosen as an
optimal concentration for investigating the activation of rPKs, because it yielded the least
background reading while still being able to activate PK. Kallikrein activated P637A, A638stop
and P637A/A638stop with similar reaction rates, which are all slightly higher than the rate of the
activation of wild-type PK by kallikrein (Figure 16). The rPK mutants with distinct
modifications in their C-terminal amino acid residues didn’t exhibit different sensitivities to
kallikrein activation, probably due to the fact that kallikrein was demonstrated to digest the Nterminal heavy chain of PK, but not the C-terminal region.
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However, the observation that the reaction rates of the three rPK mutants were all slightly
higher than the wild-type PK, indicated that the changes in PK C-terminus might affect the
overall stability of the zymogen molecule.
In order to investigate the reaction rates of PRCP1-catalyzed rPK mutants activations,
rPRCP1-linked 96-well plates were adopted. The amount of rPRCP1 used for activating rPKs in
this assay was determined based on the amidolytic assay of rPRCP1 on APpNA. The rPRCP1
amount that could hydrolyze APpNA to yield a reading more than 10-fold was considered usable
in this experiment (around 3 g/well). Recombinant PRCP1 induced the activation of P637A at a
significantly higher rate, comparing to the other two rPK mutants, and the wild-type PK.
A648stop and P637A/A638stop were activated to kallikrein at similar speeds to each other, and
also as the wild-type PK. These results implied that the substitution of the C-terminal Pro637
with an alanine significantly enhanced the susceptibility of PK to rPRCP1 activation, in terms of
the activation rate of PK by rPRCP1.
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S2302 Hydrolysis
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Figure 13: Effect of rPRCP1 on rPK mutants in the absence of a solid phase. Twenty-five
nanomolar purified human plasma PK or rPK mutants were incubated in the presence or absence
of 25 nM HK in HEPES-carbonate buffer, in the presence of 10 l of rPRCP1 and 0.5 mM
S2302 in a microtiter plate. The plate was then place in the incubator at 37 ºC in dark. The
activation of PKs was detected by the change of absorbance by a microplate reader at 405 nm.
Data are expressed as mean ±SEM (n = 3).
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Figure 14: Effect of rPRCP1 on rPK in the presence of HK. The HK solutions were added to
the plate with the linking buffer (0.1 M NaCO3, pH 9.6) to reach the amount of 2 g/well. The
linking of HK was processed at 37 ºC overnight. The next day, the linking solutions were
discarded and the plate was washed three times with 200 l HEPES- carbonate buffer (pH 7.1)
and then blocked with 1% gelatin. After incubating at 37 ºC for 1 hour, the plate was washed and
the 25 nM purified PK, wild-type PK and each rPKs were added in the presence or absence of
100 M SDD31 and incubated for 1 hour. Then, the plate was washed with HEPES- carbonate
buffer before the addition of 30 g/ml rPRCP1 and 0.5 mM S2302 to each well. The changes of
absorbance were detected at 405 nm by a microplate reader. Data are expressed as mean ±SEM
(n = 3). *: p≤0.05 compared to WT+ rPRCP1 group. †: p≤0.05 compared to P637A+rPRCP1
group. ‡: p≤0.01 compared to P637A+rPRCP1 group.
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Figure 15: Activation of rPK mutants on HPAEC. Confluent monolayers of HPAEC were
washed three times and then block with 1% gelatin and incubated. Next, cells were washed and
treated with 25 nM HK and incubated for 1 hour. This was followed by the addition of 25 nM of
the purified human plasma PK, the wild-type PK and each of the rPKs in the presence or absence
of 150 of UM8190. Finally, after 1 hour incubation, the cells were washed and 0.5 mM
S2302 were incubated with the cells and the activation of the PKs were determined at 405 nm
using a microplate reader. Data are expressed as mean ±SEM (n = 3). *: p≤0.05 compared to
HK+PK group. **: p≤0.01 compared to HK+PK group.
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Figure 16: Kinetic studies on the activation of rPK mutants by FXIIa, kallikrein and
rPRCP1. Twenty-five nanomolar of each PKs were incubated with 2 nM FXIIa, 0.3 nM
kallikrein or around 30g/ml (depending on the amidolytic activity on APpNA) of rPRCP,
respectively, in the presence of 0.5 mM S2302. The plates were immediately placed on
microplate reader, and read at 405 nm at every 2 minutes for the first 30 minutes, and then every
5 minutes for another 60 minutes. For the experiments done with kallikrein and rPRCP1, the
plates were further read at every 1 hour for the following 4 hours and then at 8, 20 and 24 hours.
The data were plotted as graphs of “formation of kallikrein” vs time, and the slopes were
calculated using linear regression by GraphPad Prism software. The reaction rates were
calculated with the equation mentioned in Method. Data are expressed as mean ±SEM (n = 3).
*: p≤0.05 compared to WT group.
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Discussion
In this study, experiments were performed to characterize three rPK mutants, in terms of
their stability as zymogens, their susceptibility to activation by different activators, including
PRCP1. Based on our observations, we propose that the modifications of PK C-terminal
sequence, S636PA638, increased the tendency towards autoactivation of the molecule, as well as
the susceptibility of this zymogen to PRCP1 and FXIIa induced activation in the fluid phase.
However, changes in the C-terminus didn’t influence the stability of this protein in environments
with different pH values, nor did they affect PK’s requirement for HK as a cofactor to be
activated on a surface. Among the three rPK mutants, we observed that a significantly larger
amount of kallikrein was generated from P637A by PRCP1, both on HK-coated plate and on
HPAEC cell surface (Figure 14, Figure 15). These findings were unanticipated because based on
our data obtained from the synthetic peptides DGK10 and DGK10M (Figure 8), our hypothesis
was that PRCP1 would act to cleave the Pro637-Ala638 bond at the C-terminus of PK, thereby
resulting in a continuous activation of this zymogen to kallikrein, and the substitution of the
penultimate proline would lead to a diminished activation of PK by PRCP1. However, on the
contrary to this hypothesis, rPRCP1 exhibited the highest activity on P637A on HK-coated plate.
One possible explanation for this is that most recently, emerging evidence indicates that PRCP1
is capable of accepting amino acid residues other than proline in the S1 pocket. By using mass
spectrometry-based peptide sequencing, a study on peptidase specificity which employed a
library of synthetic 14-mer peptides, proved that PRCP1 could cleave the C-terminal amino acid
after an alanine or norleucine, even faster than those after a proline (O'Donoghue et al., 2013).
Similarly, another group adapted a proteome-derived peptides library and showed that PRCP1
had a preference of both alanine and proline at the P1 position (Tanco et al., 2013). Since P637A
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possessed an alanine in the S1 pocket, our findings suggested that rPRCP could cleave Ala-Ala
bond in the substrate P637A resulting in a robust generation of kallikrein compared to those of
other rPK mutants and wild-type rPK. Substrates with arginine or lysine in the S1’ position are
not the preferred substrates for PRCP (O'Donoghue et al., 2013). Therefore, future studies with
residue substitution in the S1’ position of PK by site-directed mutagenesis will help to gain
further insight into the mechanism of PRCP binding and catalysis. Nevertheless, our findings
that all rPKs were activated by PRCP1 to kallikrein with different efficacies strongly imply that
the C-terminal of PK contributes to the process of the zymogen activation by PRCP1. On the
other hand, the observation that all the three mutants, that lack a penultimate proline residue,
were still accessible for PRCP1 activation both on HK-linked plate and endothelial cell surface,
indicated that the C-terminus of PK is neither necessary nor sufficient for the activation of this
zymogen by PRCP1.
Efforts were made to investigate the activation of PK by PRCP1 in this study because of
the significant but, yet still obscure roles of the PRCP1-induced activation of PK in the
maintenance of hemostasis and the pathogenesis of certain diseases. In PRCPgt/gt mice, plasma
PK was reported to be significantly increased, whereas the plasma BK and Ang II levels were
not different from the wild-type mice. These findings strongly support ours and others
observations that PRCP1 acts as one of the PK activators, and PK might be a more preferred
substrate of PRCP1, in comparison with Ang II (Adams et al., 2012). In addition, though the
plasma BK level was not significantly influenced by the depletion of PRCP in the gene trap
mice, this did not eliminate the possibility that PRCP1 might influence the local BK production
on cell surface. Zhu et al. recently reported that the BK production resulting from PRCP1induced PK activation, played a central role angiotensin 2 receptor (AT2R) mediated cardio59

protective effects. They observed that AT2R over-expression in mouse coronary arterial
endothelial cells led to the up-regulation of PRCP mRNA and protein, which resulted in
increased bradykinin formation, and this was blocked by AT2R receptor antagonists or plasma
kallikrein inhibitors (Zhu et al., 2010; 2012). These data suggested that PRCP1-induced
activation of PK may be important for local, but not systemic bradykinin formation, though the
precise physiologic role needs further explanation.
The regulation of PK activation is deeply involved in the maintenance of vascular health.
Clinical observation showed that PK-deficient patients do not exhibit any obvious specific
symptom or pathological condition, though they presented with a prolonged activated partial
thromboplastin time (aPTT). Nevertheless, increasing evidence showed that the activation of PK
contributed to the pathogenesis of several diseases where inflammation and/or thrombosis is/are
associated. Besides being a major therapeutic target in hereditary angioedema (HAE), the
activation of PK and the subsequent downstream product BK was also reported to play a central
role in diabetic retinopathy. Gao et al. demonstrated that PK activation was elevated due to an
increased carbonic anhydrase-I which induced alkalinization in vitreous, and inhibitors of this
activation, including a specific anti-PK antibody and C1-INH, as well as inhibitors of B1R and
B2R, all blocked the increased retinal vascular permeability in rats (Gao et al., 2007, 2008). This
study suggested that the inhibition of the kallikrein-kinin pathway would provide new
opportunities for the treatment of the retinal edema seen in patients with diabetic retinopathy.
Furthermore, a recent study pointed to the role of plasma kallikrein in hyperglycemia induced
cerebral hematoma. Liu et al. reported that plasma kallikrien acted as a potent anti-hemostatic
factor in their diabetic rodent models, that significantly promoted sustained bleeding and
hematoma expansion via the inhibition of platelet-vessel wall interaction at the site of vascular
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injury. In addition, a plasma kallikrein inhibitor or PK deficiency both greatly reduced the
hematoma expansion (Liu et al., 2011). In terms of the role of plasma PK in thrombosis and
hemostasis, a PK deficient mouse model (Klkb1-/-) was generated and phenotyped. It was
reported that Klkb1-/- mice were completely protected from ferric chloride-induced carotid artery
thrombosis (Bird et al., 2012). In addition, prolonged PK inhibition by antisense oligonucleotides
reduced thrombus formation (Revenko et al., 2011). Similar to the PK-deficient patients, minor
effects on hemostasis were observed in Klkb1-/- mice. Furthermore, the antithrombotic phenotype
without uncontrolled bleeding was also observed in FXII- and HK-deficient mice. These results
raise the possibility that targeting PK activation may provide a strategy for prevention or
treatment of thrombosis. In summary, PRCP1-induced PK activation is associated with increased
inflammatory responses, characterized by elevated vascular permeability, making it a promising
target in the treatment of edema. Furthermore, the inhibition of PK activation exhibited a
protective effect on the onset of thrombosis, pointing to its role in the prevention or treatment of
thrombosis. Our study on how PRCP1 activates plasma PK would provide new information to
the development of inhibitors of this activation.

E. Peptide mapping of PK binding sites on PRCP1.
Among the two forms PRCP mRNA found in human, only the protein encoded by
PRCP1 possesses the serine protease activity, and the major difference between PRCP1 and
PRCP2 lies in the N-terminal sequence. This strongly indicates that the N-terminus of PRCP1
may play an essential role in the normal function of this enzyme. For this reason, investigations
were performed to determine whether the N-terminal domain of PRCP1 participates in the
activation of plasma PK. Five sequential 20-mers, 41LPAVAKNYSVLYFQQKVDHF60 (LPA20,
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Acc. No: NP_005031.1), 61GFNTVKTFNQRYLVADKYWK80 (GFN20),
81

KNGGSILFYTGNEGDIIWFC100 (KNG20), 101NNTGFMWDVAEELKAMLVFA120

(NNT20), and 121EHRYYGESLP FGDNSFKDSR140 (EHR20) that span the entire N-terminal
region of PRCP1, before reaching one of the active site residues, serine 179, were synthesized
by Quality Controlled Biochemical. The effects of these peptides on the activity of rPRCP1 and
PRCP-dependent PK activation on cells were determined. All of these PRCP peptides were
purified by preparative reverse-phase high performance liquid chromatography and characterized
by amino acid analysis and mass spectroscopy.
Under our assay conditions, the peptide LPA20 blocked PK activation to kallikrein on
HPAEC, indicated by a decrease of the hydrolysis of S2302. This inhibitory effect of LPA20 was
in a dose-dependent manner with an IC50 of 0.9 mM. The next peptide corresponds to the PRCP
N-terminal portion, which reduced PRCP-dependent PK activation on HPAEC was EHR20, with
an IC50 of 3.2 mM. The three peptides, GFN20, KNG20 and NNT20, which sequences are
located in between the sequences corresponding to LPA20 and EHR20 did not significantly
influence PRCP-induced PK activation (Figure 17). Additional studies were performed and
determined that LPA20 did not block the hydrolysis of S2302 by kallikrein. Therefore, the
LPA20-induced decrease of S2302 hydrolysis observed on HPAEC was not due to a direct
inhibition of kallikrein activity on S2302, but was the result of a reduced amount of kallikrein
formation from PK. None of these peptides corresponding to the N-terminus of PRCP had any
effect on rPRCP1 activity, in terms of APpNA hydrolysis, suggesting that the inhibitory effects
of LPA20 and EHR20 on PK activation was not as a result of decreased PRCP1 activity.
Therefore, LPA20 and EHR20 were postulated to be able to interfere with the binding of PK on
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PRCP1, thereby reduced the activation of PK by PRCP1. These data suggest that a potential PKbinding site is localized to the amino-terminal end of PRCP1.
The active site of PRCP1 is lined by amino acid residues with neutral or hydrophobic
side chain properties that participate in substrate recognition and in the catalytic mechanism of
PRCP1. According to PRCP1 crystal structure, this cleft can accommodate a large substrate. We
therefore investigated the importance of two peptides in corresponding to this region for PRCP
catalytic functions, using substrate competitive inhibition assay. To achieve this goal, H291

YPYASNFLQPLPAW304 (YPY14) and H-338SGQVKCLNISETATSS353 (SGQ16), which

span the sequence from Ser291 to Ser353 of the human PRCP1 were synthesized. These regions
were selected because of their proximity to H455, H456, R460, and the acidic residue E93, or
alternatively, their potential contributions to PK binding due to their adjacence of the active site
of the enzyme. YPY14 neither inhibited PK activation on cells nor APpNA hydrolysis in the
fluid phase (Figure 17). While it did not inhibit rPRCP1, SGQ16 inhibited PRCP1-dependent PK
activation on cells in a dose-dependent manner, with an IC50 value of 1.59 mM (Figure 17).
Taken together, our findings suggest that depending upon the substrate, a certain region
of the catalytic pocket of PRCP1 undergoes a change in conformation to accommodate substrate
hydrolysis. This conformational change may form a complementary surface to PK that serves to
anchor the heavy chain of PK, thereby facilitates the activation of PK by PRCP1.

Discussion
Our study on mapping the binding sites of PK on PRCP1 indicated the extreme Nterminal region of the enzyme was involved in the binding of these two molecules. Between the
only two isoforms of PRCP mRNA found in human, the primary difference lies in the number of
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amino acid residues coded by the mRNAs. Whereas the PRCP1 isoform has 496 amino acid
residues, the PRCP2 isoform has 517 amino acid residues. Comparing to PRCP1, PRCP2 has an
extra 21 amino acids insertion from alanine 57 to leucine 77 in the N-terminal region. This one
disruption of the extreme N-terminal portion of PRCP1 results in an inactive isoform of the
enzyme, indicating that the N-terminus of PRCP1 may be significantly involved in maintaining
the normal catalytic activity of this enzyme. In addition, although most mammalian serine
proteases exhibit extensive homologies in terms of their active site (Ser, His, and Asp) located
relatively to the C-terminus, they display a substantial variance in the N-terminal portions.
However, the role of the PRCP1 N-terminus in its activation of PK remained unclear. In
the present study, we found that 20-mer sequences LPA20 and EHR20 at the N-terminal region
of PRCP1 inhibited PRCP-induced PK activation on HPAEC, indicating that these two portions
may facilitate the interaction between PRCP1 and PK.
Furthermore, compelling evidence demonstrated that PRCP1 tended to form dimers in
solution (Odya et al, 1978; Tan et al, 1993; Abeywickrema et al, 2010; Soisson et al, 2010). And
LPA20 appears to be located in the dimerization zone of PRCP1. Thus, our data suggest that the
dimerization of PRCP1 might also influence its activity on PK. This would also explain the lack
of inhibitory effect of LPA20 on the rPRCP1 in solution, since the PRCP1 molecule would have
already undergone dimerization, thereby not been able to respond to LPA20.
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Table 7: Effects of synthetic peptides corresponding to the N-terminus or active site of PRCP1 on PK activation by PRCP1
PRCP

S2302 hydrolysis

APpNA hydrolysis

IC50 (mM)

IC50 (mM)

LPAVAKNYSVLYFQQKVDHF60

0.91±0.3

NE

GFNTVKTFNQRYLVADKYWK80

NE

NE

81

KNGGSILFYTGNEGDIIWFC100

NE

NE

NNTGFMWDVAEELKAMLVFA120

NE

NE

3.2±1.1

NE

YPYASNFLQPLPAW304

NE

NE

SGQVKCLNISETATSS353

1.59±0.5

NE

Abbreviation

Sequence

N-terminus
LPA20

41

GFN20

61

KNG20
NNT20
65

EHR20

101

121

EHRYYGESLP FGDNSFKDSR140

Within
active site
YPY14
SGQ16

291
338

To determine the effects of the synthetic peptides on kallikrein formation, monolayers of HPAEC were treated with 20 nM HK,
followed by 20 nM PK in the presence of increasing concentrations of each synthetic peptide, and finally 0.5 mM S2302 were added
and the plate were read at 405 nm using a microplate reader. To determine the effects of the synthetic peptides, increasing
concentrations of each synthetic peptide were incubated with 10 l rPRCP1 in the presence of 1 mM APpNA, and the hydrolysis of
APpNA were detected at 405 nm by a microplate reader. Data are expressed as mean ±SEM (n = 3)

Figure 17: Effects synthetic on kallikrein generation on HPAEC. Monolayers of HPAEC
were treated with 20 nM HK, followed by 20 nM PK in the presence of increasing
concentrations of each synthetic peptide, and finally 0.5 mM S2302 were added and the plate
were read at 405 nm using a microplate reader. Panel A. Effects of LPA-20, GFN-20 and HER
-20 peptides corresponding to the N-terminus of PRCP on PRCP1-induced kallikrein
generation on HPAEC. Panel B. Effects of SGQ16 and YPY14 peptides corresponding to
the active site of PRCP1 on PRCP1-induced kallikrein generation on HPAEC. Data are
expressed as mean ±SEM (n = 3).
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Besides the peptides at PRCP N-terminal region, SGQ16, which corresponds to the
sequence that is adjacent to the PRCP active site, also displayed a dose-dependent inhibitory
effect on PK activation on HPAEC. Meanwhile, YPY14 which corresponds to the sequence that
is contained in the SKS domain which appeared to be of a distance to the active site showed no
inhibitory effect. These observations indicate that the region(s) that is/are that forming the active
site pocket also plays an important role in PK activation. In addition, another explanation for the
observation that none of these peptides inhibited APpNA hydrolysis by rPRCP1 is that
comparing to PK, the significantly smaller size of APpNA results in a much less complicated
interaction between this dipeptide substrate and PRCP1, which would involve neither the Nterminus nor the large substrate-recognition pocket of this enzyme. This is supported by our
assays performed on biotin-PK, where the specific binding of PK to linked-PRCP1 was studied.
In these studies, in accordance to the PK activation assays on HPAEC, both the N-terminal
peptide, LPA20, and the active site peptide, SGQ, blocked biotin-PK binding to PRCP1, with
much smaller IC50 values (three orders of magnitude smaller).
The apparently reduced requirement for the synthetic peptides to block the interaction
between PK and PRCP1 was due to the fact that, there are various extracellular proteins act to
diminish the affinity or accessibility of the synthetic peptides-PK interaction, which resulted in a
markedly more non-specific binding occurred for the synthetic peptides on HPAEC cell surface,
relative to that in the experiments taken out in the pure environment as a microtiter plate.
Besides, both the IC50 values from the HPAEC PK activation assay, and the IC50 values from the
biotin-PK binding assay were significantly higher compared to the physiological level of PRCP1
on cells. We propose a two-fold explanation for this observation. Firstly, it is possible that due to
the existence of multiple binding sites for PK on PRCP1, which would act synergistically to bind
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to PK, the concentrations required for blocking PK binding to PRCP1 and/or activation by
PRCP1 was much higher for the synthetic peptides corresponding to each isolated binding
region, comparing to the physiological level. This phenomenon had been documented for several
protein molecules. In a study on the adhesive domains on fibronectin, it was reported that the
synthetic peptide corresponding to a major cell binding site on fibronectin only functioned fully
in the presence of peptides corresponding to a second synergistic site, in respect to the mediation
of cell adhesion (Humphries et al., 1986; Dufour et al. 1988). Secondly, the synthetic peptides in
solution are likely to occur in several different conformations, therefore, the actual
concentrations of the peptide molecules that retain their native conformations as within PRCP1
are markedly decreased, which also explains the high IC50s we observed in the current study.
Taken together, these data suggested that PRCP interacts with PK by regions on both its Nterminal portion and the opening of the active site pocket. The discovery that PRCP inactivates
-MSH indicated a crucial role of PRCP in the control of food intake, and the regulation of
physical activity and metabolic rate. Therefore, PRCP becomes a promising drug target in the
treatment of obesity and related diseases.
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